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ABSTRACT
THERMODYNAMIC AND KINETIC ANALYSIS ON
Cl. + RCl <--> C12 + R. REACTIONS,
CH3CjO + 02 => PRODUCTS AND CjCHO + 02 => PRODUCTS
by
Jongwoo Lee
chlorocarbon molecules and radicals. These thermodynamic properties are used in
evaluation and comparison of R. + C12 => R-Cl + Cl. (defined forward direction) reaction
rate constants from the kinetics literature. Data from some 20 reactions in the literature
Cp(T) from 300 to 1500 K) for reactants, adducts, transition states, and products in
reactions of CH3 and C2H5 with C12 are calculated using CBSQIIMP2/6-311G(d,p).
Evaluated thermodynamic property data are presented for all isomers of the stable
molecules CH3 C1, CH2C12, CHC13 , CC14, C2H5C1, C2H4C12, C2H3C13, C2H2C14 , C2HC1 5 ,
C2C16 , C2H3 C1, C2H2C12 , C2HC13 , and C2C14 . Evaluated thermodynamic property data are
Thermodynamic property and chemical kinetic analysis are performed on reactants,
intermediates, transition states and products from reactions of the two radicals resulting
via H atom abstraction from acetaldehyde: CH3 CjO and CjCHO with molecular oxygen.
Density functional and ab initio calculations are utilized to estimate thermodynamic
function of temperature and pressure using QRRK analysis for k(E) and modified strong
collision analysis for fall-off for application to atmospheric and combustion kinetic
modeling.
The important reaction paths are determined as:
CH3 CjO + O 2 ---> CH2CO + HO 2 via HO2 Elimination
CH3 CjO + O 2 ---> CyCOC=O + OH via OH Elimination
CH3CjO + O 2 ---> CCOQj (Stabilization)
CjCHO + O2 ---> CO + C.H 2OOH via H shift (C.H2OOH rapidly decays to CH 2O + OH)
CjCHO + O2 ---> CQjCHO (Stabilization)
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PART I
THERMODYNAMIC AND KINETIC ANALYSIS ON Cl ATOM
ABSTRACTIONS OF CHLORINE FROM HALOCARBONS AND REVERSE
ALKYL ABSTRACTIONS FROM C12 : Cl. + RCI <--> C12 + R.
CHAPTER 1
ABSTRACT FOR PART ONE
C2 chlorocarbon molecules and radicals. These thermodynamic properties are used in
evaluation and comparison of R. + C12
 => R-C1 + Cl. (defined forward direction) reaction
rate constants from the kinetics literature. Data from some 20 reactions in the literature
show linearity on a plot of Eafwd vs. ΔH rxn,fwd , yielding a slope of (0.38 ± 0.04) and
intercept of (10.10 ± 0.77) kcal/mole. A correlation of average Arrhenius pre-exponential
factor for RCI + Cl => R. + C12
 (reverse rxn) of (4.44 ± 1.58) x 10 13 cm3/mol-sec on a per
reactants, adducts, transition states, and products in reactions of CH3 and C2H5 with C12
are calculated using CBSQ//MP2/6-311G(d,p). Molecular structures and vibration
frequencies are determined at the MP2/6-311G(d,p), with single point calculations for
energy at QCISD(T)/6-311+G(d,p), MP4(SDQ)/CbsB4 and MP2/CBSB3 levels of
calculation. Vibration frequencies are scaled by 0.9748 for zero point energies.
rotational barrier heights and moments of inertia using the method of Pitzer and
Gwinn's l .
2
CHAPTER 2
INTRODUCTION FOR PART ONE
High chlorinated solvents such as CH2C12, CHCI3, CCI4, C2C14, C2HC13 , C2H3 C13 's and
fluoro chloro-carbon solvents or chemicals are in widespread use in the chemical,
pharmaceutical and cleaning industries. The monomers are also present in a number of
valuable and versatile polymers. The combustion, incineration or high temperature
pyrolysis of these chlorocarbons includes reactions at or near surfaces and in liquids or
polymers where oxygen is not present or is low in concentration. Chlorine atom
abstraction of chlorine from the chlorocarbon is often the important chain propagation
process in these systems; yet there is limited or almost no direct experimental kinetic
information on these chlorine atom abstraction reactions. This is a due to the Cl
abstraction of Cl from R-Cl being endothermic, as the Cl-Cl bond is 57.8 kcal/mole,
while a typical R-Cl bond energy ranges from 71 kcal/mole in CC1 4 to 95 or 98 in vinyl
chloride and chlorobenzene, respectively. Most chlorocarbons also have a hydrogen
which is readily abstracted by Cl atoms, where the rate constants have high Arrhenius
pre-exponential factors (> 10 13) and little or no energies of activation. (ca 1.0 kcal/mole if
thereto neutral or exothermic) Cl abstraction of halogens is also important in designed
pyrolysis and oxidation experiments, where hydrogen is limited or not present. These
chlorocarbon oxidation or pyrolysis with no hydrogen source, are not practical for
incineration; but have value in modeling because the presence of hydrogen adds an order
of magnitude complexity to the models (number of species, and reaction product
3
4permutations). Pyrolysis of trichloroethylene, for example, shows extensive molecular
weight growth products such as hexachloro-benzene, pentachloro-butadiene, etc which
likely result from radical processes. 2
 The radical intermediates present in oxidation and
pyrolysis of high chlorine to hydrogen ratio thermal processes result from Cl atom
elimination, beta scission and from Cl atom abstraction of Cl reactions.
We estimate kinetic data for these Cl + RCI => Cl2
 + R. reactions in this study by
assembling and evaluating thermodynamic property data : ΔH° f(298), S°(298), and Cp(T) on
chlorocarbon and several fluoro chlorocarbon molecules and radicals. We use the
thermochemical properties with available literature data on the abstractions of Cl from
Cl2
 by alkyl radicals and microscopic reversibility to evaluate trends in the forward and
reverse rate constants.
reactants, adducts, transition states, and products in reactions of CH3 and C2H5 with C12,
are determined using CBSQ//MP2/6-311G(d,p) ab initio calculations and kinetic
predictions compared with evaluated data.
CHAPTER 3
METHOD FOR PART ONE
3.1 Thermodynamic Properties
species in the reaction schemes are listed in Table 1.2 along with literature references.
Some enthalpies of chlorocarbon (C1 and C2) radicals are from literature data and
calculations using isodesmic reactions: for example C.H2CH2C1 is from a calculated
C2H5 are from use of Hydrogen Bond Increment(HBI) 3
 method. The HBI group
technique is based on known thermodynamic properties of the parent molecule and
calculated changes that occur upon formation of a radical via loss of an H atom. The HBI
incorporates changes in radical formation, that result from loss or changes in vibrational
frequencies, internal rotations, spin degeneracy and mass.
3.2 Thermodynamic Analysis for the Reactions
Arrhenius pre exponential factors on a per chlorine basis, energies of activation and
reference data on the forward reactions Af and Eaf , the evaluated thermodynamic
properties of reactants and products, and microscopic reversibility. Forward reaction
direction is defined as R. + C12 => R-Cl + Cl.. C3H 5 , allyl radical and C3H3 , propargyl
5
6radical have resonant structures each having two radical sites with near equal population
at temperature of the experimental data, 500-700K. (Ref. 4 in Table 1.1) We assess these
radical reactions with C12 as occurring via both radical sites, and estimate similar rates.
The experimental rate constant for the forward direction is multiplied by 0.5 to obtain the
forward rate constant on a per radical site basis.
3.3 Ab initio Calculations on CH3 and C2H5 Plus 02 Reaction Systems
reactants, adduct intermediates, transition states, and products in reactions of CH3 and
C2H5 with C12 are calculated using the established CBSQ//MP2/6-311G(d,p) composite
method of Petersson's research group". The CBSQ calculation sequence is performed
on the MP2/6-311G(d,p) geometry and followed by single point calculations at the theory
level of QCISD(T)/6-311+G(d,p), MP4(SDQ)/CbsB4 and MP2/CBSB3
CBSExtrap=(Nmin=10,Pop) .
3.4 Determination of Enthalpies of Formation ( ΔH°f(298))
ΔH°f(298) for reactants and products in reactions of CH3 and C2H5 with C12 are from
literature data (see Table 1.2). ΔH°f(298) for transition states and adducts in reactions of
CH3 and C2H5 with C12 are calculated using total energies obtained by CBSQ//MP2/6-
311G(d,p) and MP2/6-311G(d,p) level. Total energies are corrected by zero point
vibrational energies (ZPVE) which are scaled by 0.9748 as recommended by Scott et al. 7 .
Thermal correction 0 K to 298.15 K is calculated to estimate ΔH °f(298) at 298.15 K.8
73.5 Determination of Entropy (S °(298)) and Heat Capacities
(Cp(T)'s, 300 ≤ T/K ≤ 1500)
moments of inertia of the rotors, and Pitzer and Gwinn's 1
 general treatment.
CHAPTER 4
RESULT AND DISCUSSION FOR PART ONE
4.1 Cl + RC1 <=> C12 + R. Reaction
4.1.1 Overall
Data for the 20 reference reactions are listed in Table 1.1. The average Afwd for reaction
4.1.2 Hydrocarbons
Reactions involving only hydrocarbons are selected and data are listed in Table 1.1 and
8
9
Table 1.2 Evaluated Thermodynamic Property Data
1 0
11
Figure 1.1
12
Figure 1.2 Hydrocarbons
13
Tertiary butyl, isopropyl and ethyl radicals show slightly negative Ea's for the forward
reactions. This may suggest adduct formation occurs before further reaction to RC1 + Cl
products. The tertiary butyl and isopropyl radical reactions with C12 are unusual. The
literature values of Arrhenius pre-exponential factor show values of 1.5 and 2.4 x 10 13
cm3/mol-sec respectively. Thermodynamic analysis of the reaction systems lead to
calculated pre-exponential factors for reverse reaction of 1 x 10 15 and 4 x 10 15 cm3/mol-
sec respectively; Approximately 2.5 to 10 times higher than the estimated collision rate at
300K. We have re-evaluated the thermodynamic properties of species in these reactions
and do not find errors in entropy terms that can account for the unreasonably large
reverse rate constants that are calculated. We choose to omit these reactions from our
analysis.
4.1.3 C 1 Chlorocarbons
4.1.4 C2 Chlorocarbons
Data for C2 chlorocarbons are shown in Table 1.1 and Figure 1.4. Data for C2C15,
14
Figure 1.3 C 1 Chlorocarbons
Figure 1.4 C2 Chlorocarbons
15
16
The CH2C1CHC1 value is considered on outlier and is excluded.
Ea's for these reactions are determined by thermochemical analysis of experimental and
theoretical data in the literature references (see Table 1.2).
4.1.5 Kinetic Trends
involve hydrocarbon free radicals; these are shown to have small activation energies (less
than 1 kcal/mole) in Table 1.1. The calculated transition states in CH3 and C2H5 reaction
with C12 in Table 1.1, have enthalpy values which are —2.7 and —5.1 kcal/mole relative to
the reactants (at the CBSQ composite level), respectively, in these exothermic R + C12
reactions. (Figure 1.5)
Timonen et al. 10 studied the kinetics of the reactions of unsaturated hydrocarbon free
radicals ( vinyl, allyl, and propargyl ) with molecular chlorine. They report the
reactivities of C3H3 and C3H5 are significantly reduced below that of the vinyl radical in
these Cl atom transfer reactions, and suggest the reduction is due entirely to the presence
of energy barriers in reactions C3H3 and C3H5 . The Arrhenius preexponential factors of
reactions C2H3, C3H3 and C3H5 are all similar. They indicate that the relatively low
respectively) could account for the existence of the observed 4.3 - 6.7 kcal/mole
activation energies.
Seetula27 shows a linear correlation in a plot of the rate constants for R + C12 reactions at
500K vs. Δelectronegativity of the radical species R. He suggests this results from a
Figure1.5 Reaction path diagrams in CH 3 with Cl2 and
C2H 5 with Cl2
17
18
polar transition state, which involves intramolecular electronic repulsion or attraction
forces in R. and that these forces determine properties such as stability. They are driving
forces behind reactivity of the radical. He suggests that an electronegative substituent at
the radical site improves thermal stability of the radical and makes it less reactive by
inductive effects. 28,29 He also suggests that similar intramolecular electron delocalization
forces act at the transition state of this radical reaction. Seetula concludes the trend in
reactivity among R + C12 reactions is due primarily to changes in the activation energies
presence of Cl on the carbon of the radical site reduces bond energy of new R-Cl bonds
being formed.
Table 1.3 C12 + Radicals 	 > Products + Cl (C-Cl bond energy )
19
4.2 Ab initio Calculations in Reactions of CH3 and C2H5 with Cl2
4.2.1 Results from Ab initio Calculations of Thermodynamic Properties in Reactions
of CH3 and C2H5 with Cl2
CH3 + C12 ---> CH3C1 Cl Reaction
CH3 + Cl2 forms an initial CH 3 -C1C1 adduct which has a shallow well 1.45 kcal/mole
below that of the reactants (CBSQ//MP2/6-311G(d,p) level) with C-Cl bond length of
than calculated for C12. This CH 3 -C1C1 adduct reacts to the Transition State (TS) which is
4 kcal/mole above the adduct at the MP2/6-311G(d,p) level, but not higher in energy at
C1C1 adduct. The TS then goes to a CH 3C1-C1 adduct which has a 25.59 kcal/mole well
The CH3C1-Cl adduct dissociates to CH3C1+ Cl with a low bather of 2.33 kcal/mole.
C2H5 + Cl2
	C2H5C1 + Cl Reaction
C2H5 + C12 forms an initial adduct CC-C1C1 which also has a shallow well, about 2.5
kcal/mole below that of the reactants at the CBSQ//MP2/6-311G(d,p) level, with C-C1
0.01A longer than calculated for C12. This CC-C1C1 adduct reacts to the TS which is 1.15
kcal/mole higher in energy at the MP2/6-311G(d,p) level, but not higher in energy at the
4.2.2 Geometries of Transition States
Structures of the adducts and transition states in CH 3
 and C2H5 with Cl2
 are shown in
Figure 1.6. The bond lengths of CH3---C12 and C2H5 ---C12 in the transition state
longer than that of CH3---C12. The C-Cl bond lengths of 2.33 and 2.40 are calculated to
be longer than the Cl-Cl bond lengths of 2.10 and 2.08 in TSCH 3XC12 and TSC2H5XC12 ,
respectively. The C-C1-C1 angles in TSCH3XC12 and TSC2H5XC12 are 180.0 and 177.3,
respectively. Figures 1.8a shows changes in bond lengths from CH3 + Cl2 to CH3C1 + Cl
via CH3-C1CI, TSCH3XC12 and CH3C1-C1. Table 1.4 lists vibrational frequencies of
adducts and transition states in MP2/6-311G(d,p).
The two transition states each have one imaginary frequency. Table 1.5 lists moments of
inertia of adducts and transition states from MP2/6-311G(d,p) level calculations.
20
Figure 1.6a Structures for the adducts and transition states involved in the reactions (1)
and (2). Geometry optimizations at the MP2/6-311G(d,p) level of theory. (CH3-C1C1)
21
Figure 1.6b Structures for the adducts and transition states involved in the reactions (1)
and (2). Geometry optimizations at the MP2/6-311G(d,p) level of theory.(TSCH 3XC12)
22
Figure 1.6c Structures for the adducts and transition states involved in the reactions (1)
and (2). Geometry optimizations at the MP2/6-311G(d,p) level of theory. (CH 3 CI-C1)
23
Figure 1.6d Structures for the adducts and transition states involved in the reactions (1)
and (2). Geometry optimizations at the MP2/6-311G(d,p) level of theory. (CC-C1C1)
24
Figure 1.6e Structures for the adducts and transition states involved in the reactions (1)
and (2).Geometry optimizations at the MP2/6-311G(d,p) level of theory. (TSC2H5XC12)
25
Figure 1.6f Structures for the adducts and transition states involved in the reactions (1)
and (2). Geometry optimizations at the MP2/6-311G(d,p) level of theory. (CCC1-Cl)
26
Table 1.4 Vibrational Frequencies a
 (v cm-1) M112/6-3 1 1 G(d,p) level of calculation
27
Table 1.5 Moments of Inertia (amu-Bohr2) MP2/6-3 1 1 G(d,p) level of calculation
28
4.2.3 Estimation of Entropy (S °(298 )) and Heat Capacity (Cp(T)'s, 300 - 1500K)
for Transition States and Adducts
S°(298) and Cp(T)'s are calculated based on vibration frequencies and moments of inertia
of the optimized MP2/6-311G(d,p) structures. The calculation results using MP2/6-
311 G(d,p) determined geometries and frequencies are summarized in Table 1.6. TVR
represents the sum of the contributions from translations, vibrations and external rotations
on rotational barrier heights, moments of inertia of the rotors using the method of Pitzer
and Gwinn's l .
4.2.4 Calculated Enthalpies of Formation
The calculation results are summarized in Table 1.7. The activation energies of
TSCH3XC12 are estimated by taking the difference of total energy between reactants and
33.37 and 33.28 kcal/mole, respectively. Activation energies of TSC 2H5XC12 are
estimated by taking the difference of total energy between reactants and TSC2H5XC12
resulting in -5.07 and -1.73 kcal/mole for CBSQ//MP2/6-311G(d,p) and MP2/6-
respectively.
The overall energy diagram is illustrated in Figure 1.5.
Table 1.6 Ideal Gas Phase Thermodynamic Properties :
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Table 1.7 Total Energy, ZPVE, Thermal Correction, and ΔHf°298 in CBSQ and MP2/6-3 1 1G(d,p) Calculation a
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4.2.5 Thermodynamic Analysis for reactions of CH 3
 and C2115 with C12
4.2.6 Atomic Charges in Reactants, Adducts, Transition States, and Products
CH3 + C12 ---> CH3C1 + Cl and C2H5 + C12
	
C2H5C1 + Cl Reactions
Table 1.9 illustrates Mulliken Atomic Charges on the H, C, and Cl atoms in the CH3 +
C12 and C2H5 + C12 reaction systems. Calculated charges on the H atoms remain positive
throughout the reaction process at ca. 0.1. Charges on the carbon bonding to Cl are
negative 0.34 in CH 3 with a progressive increase to — 0.26 in CH3C1. The corresponding
carbon in the C2H 5 reaction experiences a decrease from — 0.25 to — 0.31 when C 2H 5 +
C12 react to the TSC2H5XCl2 and then increases to — 0.21 in C2H5CI. The Cl atom
bonding to the carbon has no charge in C12, positive 0.01 and 0.02 charges in the
TSCH3XC12 and the TSC2H5XC12, respectively, then decreases to — 0.16 in the Cl atom of
the products (both CH 3 C1 and C2H5C1). The leaving Cl has no charge in C1 2 , negative
0.13 charge in both the TSCH3XC12 and the TSC 2H5XC12, then increases near zero (- 0.
01) in both the CH3C1-Cl adduct and the CCC1-Cl adduct.
Figure 1.7 and the description of charges show that H atoms donate e" to the carbon
radical center and to chlorine in R-Cl. Replacement of the H's with electronegative
halogens or other electronegative species must reduce the available e" density to/at the
carbon site. This likely reduces bond energy of additional R-Cl bonds being formed.
Repulsive effects may also be important in the reduced bond energies.
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Table 1.8 Thermodynamic and Kinetic analysis for reactions of CH 3 and C2H5
with C12
 comparing with experiment data* (Timonen/Gutman 1986)
33
Table 1.9 Calculated atomic charges, bond lengths(A) and bond angles(deg)
MP2/6-3 1 1 G(d,p)
34
Figure 1.7a Bond lengths MP2/6-311G(d,p)
CH3 + 012 ----> CH 3CI + Cl
35
Figure 1.7b Bond lengths MP2/6-311G(d,p)
C2H 5 + Cl2 ----> C2H 5Cl + CI
36
Figure 1.8a Calculated atomic charges MP2/6-311G(d,p)
CH3 + C12 ----> CH3CI + Cl
37
Figure 1.8b Calculated atomic charges MP2/6-311G(d,p)
C2 H5 + Cl2 ----> C2H5Cl + Cl
38
CHAPTER 5
SUMMARY FOR PART ONE
products in R. + C12 <=> R-Cl + Cl reactions. The forward rate constants are evaluated
from the literature. The reverse rate constants are calculated from thermodynamic
properties of reactants and products and microscopic reversibility. The trends of Eafwd vs
ΔHrxn,fwd and Arrhenius pre-exponential factor for overall, hydrocarbons, C1
chlorocarbons, and C2 chlorocarbons are evaluated.
which undergoes bonding to the CI has a slightly increasing negative charge in the
transition state then the charge increases, becomes less negative.
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THERMODYNAMIC ANALYSIS FOR Cl 2
 + R. <-> RCl +
THERMODYNAMIC ANALYSIS for REACTION
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PART II
EVALUATED THERMODYNAMIC PROPERTY DATA OF C1 AND C2
CHLOROCARBON MOLECULES AND RADICALS
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CHAPTER 1
ABSTRACT FOR PART TWO
C2 chlorocarbon molecules and radicals from literature data. Enthalpies of some
chlorocarbon radicals are from a combination of literature data and ab initio or density
61
CHAPTER 2
INTRODUCTION FOR PART TWO
Chlorocarbons are widely used chemicals or solvents in synthesis and in chemical
industry, as cleaning agents and starting materials in synthesis of polymers, pesticides,
and other products. Many chlorocarbons are present in the atmosphere and chlorinated
organic species are present in both municipal and hazardous wastes as polyvinyl chloride
and other halogenated polymers and products. Thermodynamic properties of
chlorocarbons are important to industries utilizing them, in analysis of environmental
effects and in evaluation of kinetics or thermodynamic equilibrium for both destruction
and synthesis processes. These properties are also needed as input in kinetic modeling
and in equilibrium codes. The presence of chlorocarbon is known to slow the overall
oxidation rate of hydrocarbons through studies of flame velocity, temperature, and flame
stability. 73 Reports of studies under varied condition sets indicate that both acceleration
and inhibition effects can be observed in hydrocarbon reaction systems with a chlorinated
hydrocarbon present.74-76 It would be of significant value to have knowledge of their
fundamental thermodynamic properties for equilibrium calculations and for an accurate
and fundamental understanding of the reaction pathways relating to chlorocarbon
formation, destruction, and interactions in synthesis, combustion, and other
environmental degradation/transformation processes.
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CHAPTER 3
CALCULATION OF C2 CHLOROCARBON RADICAL ΔHf298
FROM AB INITIO DATA FOR PART TWO
ΔHrxn  is calculated for reactions involving a number of C2 chlorocarbon radicals when ab
initio data are available by the G2 composite calculation method from the study of
Cioslowski et a1.[12]. The calculations use equations which are illustrated in the example
stable molecule species : ethane (-20.20 kcal/mole[3]), chloroethane (-26.80[3]) and for
example equation.
Table II.1 below is a listing of the isodesmic reactions used for the C2 chlorocarbon
radicals with G2 ab initio energies determined from atomization analysis reported by
Cioslowski et al.[12].
isodesmic reactions yield slightly lower values than those obtained from the G2
isodesmic reactions.
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We also compare these B3LYP-isodesmic reaction values and G2-isodesmic reaction
values to the direct(atomization) B3LYP values of Cioslowski et al.[12] and to our
evaluated literature data. We find a near constant bias of 2.7 kcal/mole from comparison
with the values from G2 isodesmic reaction in this work, values for Seetula's[9] or other
experimental values[29,48].
A third estimation method is the use of this constant applied to B3LYP/6-311G**
calculations of chlorocarbons. Data are listed in Table 11.2.
Table 2.1 Isodesmic Reactions
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THERMOCHEMICAL AND KINETIC ANALYSIS
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CHAPTER 1
ABSTRACT FOR PART THREE
Reaction pathways and kinetics are analyzed on CH3CjO + 02 reaction system using
density functional and ab initio calculations to determine thermodynamic properties
of reactants, intermediate radicals, and transition state (TS) structures. Enthalpies of
formation (ΔHf°298) are determined using the CBSQ composite method and also by
density functional calculations with isodesmic reactions for radical species. Entropies
(S°298) and heat capacities (Cp°(T) 300 —1500 K) are determined using geometric
parameters and vibrational frequencies obtained at the HF/6-31G(d') level of theory.
Quantum Rice-Ramsperger-Kassel (QRRK) analysis is used to calculate energy
dependent rate constants, k(E). The acetyl radical CH 3 CjO adds to O2 to form a
can undergo dissociation back to reactants, decompose to products, CH2CO + HO 2
via H02 elimination (Ea,rxn = 28.01 kcal/mole in CBSQ) or isomerize via hydrogen
kcal/mole in CBSQ). This isomer CjCOQ can undergo β -scission to products,
CH2CO + HO 2 (Ea,rxn = 31.53 kcal/mole in CBSQ) or decompose to CyCOC=O +
OH via OH elimination (Ea,rxn = 23.08 kcal/mole in CBSQ). Rate constants are
estimated as function of pressure and temperature using QRRK analysis for k(E) and
modified strong collision analysis for fall-off. Important reactions are stabilization of
CCOQj peroxy adduct at low temperature and CH2CO + HO 2 and oxirane aldehyde +
90
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CHAPTER 2
INTRODUCTION FOR PART THREE
Important initial products from pyrolysis, oxidation, or photochemical reactions of
saturated and unsaturated hydrocarbons are the corresponding radicals. The
subsequent reactions of the hydrocarbon radicals with molecular oxygen are complex
and difficult to study experimentally and present a source of controversy with regard
to both pathway and reactions rates. These reactions, furthermore, represent the
principal pathways of the radical conversion in many hydrocarbon oxidation and
combustion processes" 2 and also in atmosphere.
The currently accepted OH radical chain mechanism for oxidation of volatile organic
radical formation is not fully understood. Atmospheric researchers are active in areas
of both experimental and modeling studies relating to these kinetic processes. Areas
of focus are primarily those relative to secondary pathways, specifically the reactions
of 02 and NO with radicals formed in the primary OH abstraction or addition steps.
The rate and extent of formation of secondary pollutants and photochemical oxidant,
including ozone, are largely determined by these reactions. The product distributions
in the photo-oxidation of VOCs under simulated troposphere conditions can be
interaction with oxygen.
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RC▪O radicals can be produced from emitted organic precursor specie such as
CH3CHO, in several ways , by reactions with OH, or NO 3
 radicals or by photolysis.
CH3CHO is of particular interest in atmospheric chemistry since it is formed as a
product of the reaction of 0 3 and / or OH radicals with naturally occurring, non-
methane hydrocarbons, especially higher olefins such as isoprene and terpene. The
photo-oxidation of hydrocarbons in photochemical smog also produces acetaldehyde
as a major intermediate product. Acetylperoxy radicals CCOQ(often represented as
oxidation of higher carbonyl compounds (acetaldehyde, acetone, methylvinylketone,
methylglyoxal, etc..) play an important role in atmospheric photo-oxidation
processes. In the polluted atmosphere they react with NOx and in the clean
troposphere with other peroxy radicals. Acetylperoxy radicals are the precursor of
peroxyacetylnitrate (PAN) an important constituent of photochemical smog and an air
pollutant having important physiological effects. PAN is formed by combination with
Because of its thermal stability at lower temperatures and its photochemical inertness
under tropospheric conditions, PAN can act as a temporary reservoir for NOx and
serve as a carrier for transport in colder regions of the troposphere.
oxidation of organic compounds in the troposphere 3,4 . Their loss processes are one of
the major factors influencing chain length in forming of ozone. Their reactions with
NO are primarily chain propagating reactions resulting in the formation of NO2,
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mainly chain terminating. Hydro and alkyl - peroxy radicals are important in remote
continental and marine atmospheres; they undergo reactions resulting in aldehydes,
alcohols, organic acids, and hydroperoxides. There exists a need to establish
structure-reactivity relationships for the different classes of radicals, due to different
major reaction paths of the variety of peroxy radicals formed from VOCs and their
oxidized derivatives. These relationships will allow estimation of kinetic pathways
and rate constants, without required experimental data on each reactions of each
molecule in a series.
Several studies have illustrated that the reactions of ethy15-10  and isopropyl" radicals
at pressures from 1 to 6000 ton and temperatures from 300 to 900 K, exhibit
significant negative temperature dependence (NTD) and complex fall-off with
pressure. The ethyl reaction is the best characterized and is shown to produce C2H4
H02. The rate of ethyl radical loss decreases significantly with temperatures and
increases with pressure; this is explained by invoking reversible formation of a
and atmospheric pressure; but dissociates back to reactants at higher temperatures.
This rapid dissociation of the adduct is the origin of the observed NTD regime in
hydrocarbon oxidation.
Analysis of the C2H5 + 02 reaction system 12,13 invokes formation of a chemically
activated adduct, which can be stabilized or, before stabilization , can dissociate back
to C2H5 + 02 , react through a cyclic five-member ring intermediate to form a primary
hydroperoxy alkyl radical, which can be stabilized or undergo elimination to C2H4
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H02. The ethyl peroxy C2H5OO can also react directly via HO2 elimination to C2H4
H02. The formation of epoxide + OH in this system is limited by a lower Arrhenius
A factors due to the isomerization and epoxide formation transition states combined
with a low Ea for direct H02 elimination. The results of modeling studies for loss of
ethyl and production of ethylene show good agreement with experimental data 8 ' 9 .
Important conclusions from the modeling indicate that well depth is often critical to
the further reaction to new products. A deeper well provides more energy in the
initially formed chemically activated adduct for forward reaction, before stabilization
can occur. Isomerization, HO2 elimination and epoxide + OH reaction A factors are
much lower than that for dissociation of the complex to reactants, but the
isomerization barrier height is often lower. At higher temperatures increased
isomerization relative to stabilization of the activated complex leads to higher C2H4
H02 formation rates in these systems. Similar results are reported on analysis of
reactions of allyl, vinyl and formyl radicals reaction with oxygen. 14,I5
There is however very little information on the important reaction of CH3 CjO radicals
with 02 16 . The oxidation process involves formation of chemically activated
adduct can dissociate back to reactants, undergo reaction to new products or be
collisionally stabilized.
Acetaldehyde and the corresponding radical species that result via loss of hydrogen
atoms from the two different carbon sites in CH 3 CHO are also common products
(intermediates) from oxidation processes of higher molecular weight hydrocarbon
species in both combustion and in atmospheric photochemistry. The acetaldehyde and
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its two radicals are also produced by molecular weight growth from C1 carbon
combustion and mild oxidation processes where the slow reaction of methyl radical
where entropy favors the reactants at higher temperatures. As a result methyl radicals
often buildup in the radical pool until combination occurs forming ethane and ethyl +
H. Acetaldehyde is one of the important oxidation products of ethane and ethylene.
Acetaldehyde and acetyl radicals are important intermediates in the overall
breakdown processes of higher molecular weight and C1 hydrocarbons to CH 2O, CO,
CO2 and H20. The radical reactions with oxygen also serve as model reactions for
larger aldehydic molecule systems.
This study focuses on reaction mechanism of acetyl radical association with 02.
Thermodynamic properties are estimated for reactants, intermediate, products and
transition states along the reaction pathway. The thermodynamic parameters are used
to calculate high-pressure limit rate constants using canonical Transition State
Theory. Rate constants as a function of temperature and pressure are estimated using
a multi frequency Quantum RRK analysis with modified strong collision analysis of
Gilbert et. a1 17-19 for fall off. The data at relevant pressures and temperatures should
be useful to both atmospheric and combustion modelers.
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recommended by the IUPAC panel is based on the absolute measurements of
room temperature.
1000 mbar total pressure of SF 6 .
Tyndall et al. 40
 studied the reaction of OH radical with methyl glyoxal and
acetaldehyde in a low pressure (c.a. 3 torn) flow reactor at temperatures from 260 to
333 K. They report rate constants for OH abstractions from the parent molecules and
also report data on further reactions of the radicals formed from the abstractions by
OH. They infer that only the acetyl radical is formed and further reaction of acetyl
radical with 02 leads to noticeable regeneration of OH; from observations showing
reduced loss of the OH versus time. Some chamber experiments with FTIR
monitoring showed no evidence of OH radical production.
Absolute rate constants of Fluorine atom reaction with acetaldehyde were studied by
Sehested and coworkers 35 using pulse radiolysis combined with transient ultraviolet
absorption. They report production of two radicals - formyl methyl at 35% and acetyl
at 65% (both ± 9%). We note that for reactions where chlorine atom is abstracting
hydrogen atoms. Chlorine atoms usually have similiar A factors and similar or lower
Ears when the reactions are exothermic which they are in all cases in this study. In the
case of acetaldehyde, for example, k298 for Cl atom abstraction is reported as 4.58 x
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10 13 [41] at 298K, while abstraction by F atom is 5.00 x 10 13 [42]. The H--C1 bond is
103 kcal/mole, while the carbonyl C--H and methyl C--H bonds on acetaldehyde are
88 and 94 kcal/mole respectively. Chlorine should, therefore, readily abstract from
both hydrogen sites of acetaldehyde.
Michael et al.43
 studied the reaction of OH with acetaldehyde in a low pressure
discharge flow reactor with resonance fluorescence monitoring. He also studied the
reaction of radical(s) generated via the OH reaction with O2. The total reaction rate
constant for OH with acetaldehyde was A = 3.3 x 10 12 , with a small negative energy
of activation of 610 cal/mole. Michael et al. report near complete regeneration of OH
radical in the OH + acetaldehyde experiments when O 2 was present to further react
with the indicated acetyl radical formed. In separate studies with Cl atom reacting
with acetaldehyde, they observed production of OH radical on further radical
reaction(s) with 02. They considered and rejected possible formation of formyl
methyl radicals based on work of Gutman's research group and an assumed bond
energy of the H--C bond on the methyl group of 98 kcal/mole.
Slagle and Gutman44 studied formation of acetyl radical from acetaldehyde in
reaction of Cl atoms from 1082 cm -1 IR multiphoton decomposition of CF 2 C12 of
C6F 5C1. They monitored the radical profiles with photoionization mass spectrometry.
Verification of CH3CjO radical versus formyl methyl was by use of deuterated
acetaldehyde, CH3CHO. They observed CH3CjO and could not detect CjCHO; but
did not estimate lower limits of its detection.
Reaction kinetics of acetylperoxy radicals with nitric oxide and nitrogen dioxide were
studies by Maricq and Szente 39 , where the peroxy radicals were generated via
98
reaction of acetyl radical with 02. Acetyl radicals were generated by reaction of
acetaldehyde with Cl atoms and CI atoms were produced by 351 nm eximer laser
pulses ca 300 mJ/pulse. Maricq and Szente provide data on nitric oxide plus acetyl
and methyl peroxy radical decay and NO2 formation versus time for modeling
comparisons.
Formyl methyl radicals, the other possible radical that may be formed by abstraction
of H atoms from acetaldehyde, were generated by photodissociations of methyl-vinyl
ether by Zhu and Johnstone . CH3-O-C2H3 + hv ==> CH 3 + C2H3O. Here the vinoxy
radical undergoes rapid electron rearrangement to the lower energy form (ca 18
kcal/mole loser in energy) formyl methyl radical. Kinetic studies on this formyl
methyl radical with 02 show slower reaction, k2 = 1.2 x 10 11 cm3/mole-sec, than rate
constants reported for acetyl radical k1 = 1 x 10 12 cm3/mole-sec. They suggest that if
formyl methyl radicals are produced in reactions of CI atoms or OH with
acetaldehyde, they will react about one tenth as fast with 02, probably leading to
small or no corrections to the faster acetyl + 02 reactions.
Photo dissociation of PAN, (PeroxyAcetylNitrate) was used by Villalta and Howard 11
to generate acetylperoxy radicals for study of reaction kinetics with nitric oxide. Rate
constants determined by this method agreed well with other reported values. This
agreement of kinetic data where acetylperoxy radicals are generated by a very
different and positive mechanism supports the assumption of Maricq and Szente 43 ,
Sehested et al. 35, Tyndall et al.° , Michael et al. 43 , and Slagle and Gutman", that
primarily acetyl radicals are generated by reaction with OH, or Cl atoms.
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CHAPTER 3
CALCULATION METHOD FOR PART THREE
3.1 Determination of Enthalpies of Formation
and products are calculated using CBS-Q composite method and density functionals.
The initial structure of each compound or transition state is determined using ROHF
or UHF/PM3 in MOPAC20 , followed by optimization and vibrational frequency
calculation at HF/6-3 1G(d') level of theory using GAUSSIAN 9421 . Transition State
(TS) geometries are identified by the existence of only one imaginary frequency,
structure information and the TST reaction coordinate vibration information. Zero-
point vibrational energies (ZPVE), vibrational frequencies and thermal contributions
to enthalpy from harmonic frequencies are scaled by 0.91 844 as recommended by
Petersson et. a1 22 . Single point energy calculation are carried out at the B3LYP/6-
3 10(d'). The complete basis set (CBS-Q) method of Petersson and coworkers for
computing accurate energies23-25 are chosen as our primary for determining
enthalpies.
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The method of isodesmic reactions relies upon the similarity of bonding environment
in the reactants and products that leads to cancellation of systematic errors in the ab
initio MO calculations.26 The basic requirement of the isodesmic reaction is that the
number of bonds of each formal chemical bond type is conserved in the reaction. In
reaction (1), ab initio calculations with ZPVE and thermal correction are performed
obtained. The remaining two radicals are calculated in the same manner.
the stable radical adducts plus difference of total energies with ZPVE and thermal
correction between these radical species and the transition state (TS).
TCCOQjS : A peroxy radical CCOQj isomerize to form a CjCOQ isomer via
hydrogen shift.
TCCOXQE : A peroxy radical CCOQj decompose to products, CH 2CO + HO 2 via
H02 elimination.
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TCjCOXQ : A CjCOQ isomer undergo β-scission to products, CH2CO + HO2
TYCOCDOXOH : A CjCOQ isomer decompose to products, CyCOC=O + OH via
OH elimination.
3.2 Determination of Entropy and Heat Capacity
The contributions of external rotation and vibrations to entropies and heat capacities
are calculated from scaled vibration frequencies and moments of inertia for the
optimized HF/6-31 G(d') structures. Contributions from frequencies corresponding to
hindered internal rotation are replaced with contributions calculated from the method
of Pitzer and Gwinn27 for S and Cp(T). Number of optical isomers and spin
degeneracy of unpaired electrons are also incorporated.
3.3 High-Pressure Limit A Factors (A.0) and Rate Constants (k.0) Determination
For the reactions where thermodynamic properties of TS are calculated by ab initio or
between reactant and TS are used to determine the pre-exponential factor, A, via
conventional transition state theory (TST) for unimolecular and bimolecular reactions
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constant and kb is the Boltzman constant.
3.4 Kinetic Analysis
Once the potential energy surface and thermochemical properties are evaluated,
forward or reverse rate for each, elementary reaction step are determined, Multi-
frequency Quantum Rice-Ramsperger-Kassel (QRRK) analysis is then used for k(E)
and modified strong collision analysis of Gilbert et. a1 17-19 used for fall-off; to obtain
rate constants as a function of temperature and pressure. Reactions which incur a
change in number of moles, such as unimolecular dissociation, have energy of
activation calculated as delta Urxn plus an Ea for the reverse addition, where U is
internal energy.
A modified QRRK analysis we use in this srudy is described by Zhong and
Bozzelli. 34 It is shown to yield reasonable results and provides a framework by which
the effects of temperature and pressure can be evaluated in complex reaction systems.
The current version of the QRRK computer code utilizes a reduced set of vibration
frequencies which accurately reproduce the molecule (adduct) heat capacity data,
with inclusion of one external rotation to calculate density of states p(E).
Comparisons of ratios of these p(E)/Q (partition function Q) with direct count p(E)/Q
are shown to be in good agreement. 34 Nonlinear Arrhenius effects resulting from
changes in the thermodynamic properties of the respective TST's relative to the
adduct with temperature are incorporated using a two parameter Arrhenius pre-
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CHAPTER 4
RESULT AND DISCUSSION FOR PART THREE
4.1 Geometries of Two Intermediate Radicals and Transition States
Figure 3.1 to 3.5 show MP2/6-31G(d') determined geometries of CCOQj, CjCOQ,
TCCOQjS, TCCOXQE and TYCOCDOXOH respectively.[names are defined in
section 3.1] Figure 3.1 and Figure 3.2 show the optimized geometries of two
intermediate radicals, CCOQj and CjCOQ, respectively. Figure 3.3 shows TCCOQjS
structure for isomerization (H shift) reaction. The H6 atom is in a bridge structure
shifting from C 1 to radical site 0 5 . The leaving bond length H 6-C 1 is calculated as
1.25A. All bond lengths are from MP2/6-31G(d') determined geometries. The normal
structure, H02 elimination of CCOQj --> CH2CO + HO2. The leaving bond length of
1.09A. The leaving bond length of C2-06 is calculated as 2.02A and the C-0 bond
lengths are from MP2/6-31G(d') determined geometries.
Figure 3.5 shows TYCOCDOXOH structure, OH elimination of CjCOQ -->
CyCOC=O + OH. The leaving bond length 04-07 is calculated as 1.84A and the 0-0
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Figure 3.1 Structure for CCOQj
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Figure 3.2 Structure for CjCOQ
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Figure 3.3 Structure for TCCOQjS
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Figure 3.4 Structure for TCCOXQE
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Figure 33 Structure for TYCOCDOXOH
4.2 Estimation of Entropy (S °(298)) and Heat Capacity (Cp(T)'s, 300 - 1500K)
inertia of the optimized HF/6-31G(d') structures. (Table 3.1 and Table 3.2)
31 G(d') determined frequencies are summarized in Table 3.3. TVR represents the
and Cp(T)'s. Symmetry, optical isomer and electronic spin are incorporated in
inertia of the rotors using the method of Pitzer and Gwinn's 26 . (Table 3.4)
4.3 Estimation of Enthalpy of Formation (ΔHf°298) using Total Energies and
Isodesmic Reactions
The overall energy diagram for the CH 3CjO + 02 reaction system is illustrated in
Figure 3.6.
CBSQ calculations are performed on the MP2/6-31 G(d') determined geometries and
HF/6-31G(d') determined frequencies. Density functionals are performed on the
B3LYP/6-31G(d) determined geometries and frequencies.
intermediate radicals, CjCOQ and CCOQj. Zero point Vibration energies (ZPVE's)
and thermal corrections to 298.15 K are taken into account. The total energies at 0 K
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Figure 3.6 Potential Energy Diagram CH3CjO + 02
Table 3.1 Vibrational Frequencies' (v cm -1) HF/6-3 1 G(d') level of calculation
Table 3.2 Moments of Inertia (amu-Bohr 2) HF/6-31G(d') level of calculation
Table 3.3 Ideal Gas Phase Thermodynamic Properties Obtained
by CBSQ Calculation' and by Therm*
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Table 3.4 Moments of Inertia (amu-A2) and Rotational Barriers (kcal/mole)
for Internal Rotors
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Table 3.5 List of Total Energy, ZPVE, and Thermal Correction of CBSQ Calculation'
including scaled ZPVE's, nonscaled ZPVE's, thermal corrections to 298.15 K, and
total energies at 298 K including scaled ZPVE's are shown in Table 3.5 for CBSQ
frequencies as recommended by Petersson et al.22
Table 3.6 Molecule Considered to Have Known ΔHf°298
for Use in Isodesmic Reactions.
The evaluated enthalpies of formation for the molecules considered to have known
AHf°298 values, for use in the isodesmic reaction, are : -56.17[30], -103.56[average of
increases credibility of the calculations.
The CBSQ and density functionals determined enthalpy of reaction (1) is —2.59 and —
The enthalpy of formation of CCOQ obtained is —84.7 and —83.41 kcal/mole in
CBSQ and density functionals calculations, respectively.
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The enthalpy of formation of two intermediate radicals, CjCOQ and CCOQj by
CBSQ and density functionals are obtained from use of isodesmic reactions (2) and
(3) and bond dissociation energy of C2H5—H(101.6 kcal/mole) and CH3OO—H(86.3
kcal/mole) The data results in enthalpy values are –32.35 and –32.37 for CjCOQ,
-38.75 and –38.02 for CCOQj, in CBSQ and density functionals calculations,
respectively.
Formation of CCOQj adduct has a well depth of 36.55 kcal/mole.
The activation energy for isomerization, TCCOQjS, is estimated from both the
reactant CCOQj and the product CjCOQ. The averaged result is 26.93 and 28.63
kcal/mole in CBSQ and density functionals, respectively. The activation energy for
direct H02 elimination, TCCOXQE, is estimated by taking the difference of total
energy with ZPVE and thermal correction between transition state(TS) and peroxy
reactant, resulting in 28.01 and 30.66 kcal/mole in CBSQ and density functionals,
respectively. The activation energy for H02 elimination from the hydroperoxide
isomer, TCjCOXQ, is estimated by taking the difference of total energy with ZPVE
and thermal correction between transition state(TS) and reactant, resulting in 31.53
kcal/mole via CBSQ. The activation energy for epoxide formation via OH
elimination, TYCOCDOXOH, is estimated by taking the difference of total energy
with ZPVE and thermal correction between transition state(TS) and hydroperoxide
isomer, resulting in 23.08 kcal/mole by CBSQ.
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4.4 QRRK Calculation Results
QRRK calculations for k(E) and modified strong collision analysis of Gilbert et. al l '? "
19 for fall-off are performed on the CH 3CjO + 02 reaction to obtain rate constants as a
function of temperature and pressure and results are listed in Table 3.7. AE down of
400 cal/mole is used for bath gas N2.
Plots of rate constants at 1 atm pressure versus 1000/T are illustrated in Figure 3.7.
Stabilization (CCOQj) is clearly important at lower temperatures, latm pressure, with
reverse dissociation and ketene + HO 2 products via direct HO2 elimination important
at higher temperatures.
Plots of rate constants at 298 K versus pressure are illustrated in Figure 3.8.
The figure illustrates that stabilization is the dominant path at high pressures, while
reverse dissociation and ketene + HO2 products via direct HO 2 elimination channel
are most important at low pressures.
Plots of rate constants at 1000 K versus pressure are illustrated in Figure 3.9.
The figure illustrates that stabilization decreases as pressure is decreased. Reverse
dissociation and ketene + HO2 products via direct HO 2 elimination are most
important at both high and low pressures.
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Table 3.7 Input Parameters' and High-Pressure Limit Rate Constants (K ∞ )b for QRRK
Calculations' and the Resulting Rate Constants (Temp=298K) : CBSQ Result (adjusted)
Input parameters for QRRK calculations
High-pressure Limit Rate Constants
Calculated Reaction Parameters at P = latm, k=A(T/K) nexp(-Ea/RT) (1=298-2000K)
Figure 3.7 k vs. Temperature at 1atm CH3CjO + O2
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Figure 3.8 k vs. Pressure at 298K CH3CjO + O 2
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Figure 3.9 k vs. Pressure at 1000K CH 3CjO +O 2
CHAPTER 5
SUMMARY FOR PART THREE
Thermodynamic properties of stable radicals and transition states on CH3 CjO + O2
reaction system are calculated using density functional and ab initio methods.
and density functional calculations with isodesmic reactions. Entropies (S°298) and
heat capacities (Cp(T) 300 —1500 K) are determined using geometric parameters and
vibrational frequencies obtained at the HF/6-31G(d') level of theory.
Reaction pathways and kinetics are analyzed on CH 3CjO + 02 reaction system using
QRRK. for k(E) and modified strong collision analysis of Gilbert et. a1 17.19 for fall-off.
Major reaction paths at latm pressure are stabilization of CCOQj peroxy adduct at
low temperature and CH2CO + HO 2 via HO 2 elimination and CyCOC=O + OH via
OH elimination at high temperature.
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APPENDIX 3.1
THERMODYNAMIC ANALYSIS FOR CH3CjO + 02 REACTION
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APPENDIX 3.2
KINETIC ANALYSIS FOR CH3CjO + 02 REACTION
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APPENDIX 3.3
KINETIC DATA FOR CH3CjO + 02 REACTIONS ARRHENIUS FORM
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Chemical Activation CH3CjO + 02
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APPENDIX 3.4
LOG RATE CONSTANTS VS PRESSURE AND TEMPERATURE
FOR CH3CjO + 0 2 REACTION
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Chemical Activation Reaction ( CH3CjO + O2 ) Rate Constants : log rate constants vs Temperature at specified Pressures
13
Chemical Activation Reaction ( CH 3 CjO + O2 ) Rate Constants : log rate constants vs Pressure at specified Temperatures
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Adduct (CCOQD Dissociation Reaction Rate Constants : log rate constants vs Temperature at specified Pressures
14
Adduct (CCOQj) Dissociation Reaction Rate Constants : log rate constants vs Pressure at specified Temperatures
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Adduct (CjCOQ) Dissociation Reaction Rate Constants : log rate constants vs Temperature at specified Pressures
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Adduct (CjCOQ) Dissociation Reaction Rate Constants : log rate constants vs Pressure at specified Temperatures
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PART IV
THERMOCHEMICAL AND KINETIC ANALYSIS
ON CjCHO + 02 REACTION
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CHAPTER 1
ABSTRACT FOR PART FOUR
Reaction pathways and kinetics are analyzed on CjCHO + O2 reaction system using
density functional and ab initio calculations to determine thermodynamic properties
of reactants, intermediate radicals, and transition state (TS) structures. Enthalpies of
density functional calculations with isodesmic reactions for radical species. Entropies
(S°298) and heat capacities (Cp°(T) 300 —1500 K) are determined using geometric
parameters and vibrational frequencies obtained at the HF/6-31G(d') level of theory.
Quantum Rice-Ramsperger-Kassel (QRRK) analysis is used to calculate energy
dependent rate constants, k(E). The formyl methyl radical Cj CHO adds to 02 to form
can undergo dissociation back to reactants, decompose to products, CH 2CO + HO2
via HO2 elimination (Ea,rxn = 48.2 kcal/mole in CBSQ) or isomerize via hydrogen
kcal/mole in CBSQ). This isomer CQCjO can undergo β-scission to products,
OH (Ea,rxn = 9.57 kcal/mole in CBSQ). Rate constants are estimated as function of
pressure and temperature using QRRK analysis for k(E) and modified strong collision
analysis for fall-off. Important reactions are stabilization of CQjCHO peroxy adduct
at low temperature and CO + CH 2O + OH products via H shift and ketene + HO2
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products via H shift at high temperature. Rate constants at 1 atm pressure are
CHAPTER 2
INTRODUCTION FOR PART FOUR
Important initial products from pyrolysis, oxidation, or photochemical reactions of
saturated and unsaturated hydrocarbons are the corresponding radicals.
The subsequent reactions of the hydrocarbon radicals with molecular oxygen are
complex and difficult to study experimentally and present a source of controversy
with regard to both pathway and reactions rates. These reactions, furthermore,
represent the principal pathways of the radical conversion in many hydrocarbon
oxidation and combustion processes l,2 and also in atmosphere. Acetaldehyde and the
corresponding radical species that result via loss of hydrogen atoms from the two
different carbon sites in CH3CHO are also common products (intermediates) from
oxidation processes of higher molecular weight hydrocarbon species in both
combustion and in atmospheric photochemistry. The acetaldehyde and its two
radicals are also produced by molecular weight growth from C1 carbon combustion
and mild oxidation processes where the slow reaction of methyl radical with 02 to
favors the reactants at higher temperatures. As a result methyl radicals often buildup
in the radical pool until combination occurs farming ethane and ethyl + H.
Acetaldehyde is one of the important oxidation products of ethane and ethylene.
Acetaldehyde and acetyl radicals are important intermediates in the overall
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breakdown processes of higher molecular weight and C1 hydrocarbons to CH2O, CO,
CO2 and H20. The radical reactions with oxygen also serve as model reactions for
larger aldehydic molecule systems.
Tyndall et al. 3 studied the reaction of OH radical with methyl glyoxal and
acetaldehyde in a low pressure (c.a. 3 torr) flow reactor at temperatures from 260 to
333 K. They report rate constants for OH abstractions from the parent molecules and
also report data on further reactions of the radicals formed from the abstractions by
OH. They infer that only the acetyl radical is formed and further reaction of acetyl
radical with 02 leads to noticeable regeneration of OH; from observations showing
reduced loss of the OH versus time. Some chamber experiments with FTIR
monitoring showed no evidence of OH radical production. Absolute rate constants of
Fluorine atom reaction with acetaldehyde were studied by Sehested and coworkers 4
using pulse radiolysis combined with transient ultraviolet absorption. They report
production of two radicals - formyl methyl at 35% and acetyl at 65% (both ± 9%).
We note that for reactions where chlorine atom is abstracting hydrogen atoms.
Chlorine atoms usually have similiar A factors and similar or lower Ea's when the
reactions are exothermic which they are in all cases in this study. In the case of
acetaldehyde, for example, k298 for Cl atom abstraction is reported as 4.58 x 10 13 [5] at
298K, while abstraction by F atom is 5.00 x 10 13 [6]. The H--C1 bond is 103
kcal/mole, while the carbonyl C--H and methyl C--H bonds on acetaldehyde are 88
and 94 kcal/mole respectively. Chlorine should, therefore, readily abstract from both
hydrogen sites of acetaldehyde. Michael et al. 7 studied the reaction of OH with
acetaldehyde in a low pressure discharge flow reactor with resonance fluorescence
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monitoring. He also studied the reaction of radical(s) generated via the OH reaction
with 02. The total reaction rate constant for OH with acetaldehyde was A = 3.3 x
10 12, with a small negative energy of activation of 610 cal/mole. Michael et al. report
near complete regeneration of OH radical in the OH + acetaldehyde experiments
when 02 was present to farther react with the indicated acetyl radical formed. In
separate studies with Cl atom reacting with acetaldehyde, they observed production of
OH radical on further radical reaction(s) with O 2 . They considered and rejected
possible formation of formyl methyl radicals based on work of Gutman's research
group and an assumed bond energy of the H--C bond on the methyl group of 98
kcal/mole. Slagle and Gutman 8 studied formation of acetyl radical from acetaldehyde
in reaction of Cl atoms from 1082 cm -1 IR multiphoton decomposition of CF2C12 of
C6F5C1. They monitored the radical profiles with photoionization mass spectrometry.
Verification of CH3 CjO radical versus formyl methyl was by use of deuterated
acetaldehyde, CH3 CHO. They observed CH3CjO and could not detect Cj CHO; but
did not estimate lower limits of its detection. Reaction kinetics of acetylperoxy
radicals with nitric oxide and nitrogen dioxide were studies by Maricq and Szente 9 ,
where the peroxy radicals were generated via reaction of acetyl radical with 02.
Acetyl radicals were generated by reaction of acetaldehyde with Cl atoms and Cl
atoms were produced by 351 nm eximer laser pulses ca 300 mJ/pulse. Maricq and
Szente provide data on nitric oxide plus acetyl and methyl peroxy radical decay and
NO2 formation versus time for modeling comparisons.
Formyl methyl radicals, the other possible radical that may be formed by abstraction
of H atoms from acetaldehyde, were generated by photodissociations of methyl-vinyl
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radical undergoes rapid electron rearrangement to the lower energy form (ca 18
kcal/mole loser in energy) formyl methyl radical. Kinetic studies on this formyl
methyl radical with 02 show slower reaction, k2 = 1.2 x 10 11 cm3/mole-sec, than rate
constants reported for acetyl radical k l
 = 1 x 10 12 cm3/mole-sec. They suggest that if
formyl methyl radicals are produced in reactions of Cl atoms or OH with
acetaldehyde, they will react about one tenth as fast with 02, probably leading to
small or no corrections to the faster acetyl + 02 reactions.
Photo dissociation of PAN, (PeroxyAcetylNitrate) was used by Villalta and Howard ll
to generate acetylperoxy radicals for study of reaction kinetics with nitric oxide. Rate
constants determined by this method agreed well with other reported values. This
agreement of kinetic data where acetylperoxy radicals are generated by a very
different and positive mechanism supports the assumption of Maricq and Szente 7 ,
Sehested et al. 4, Tyndall et al. 3 , Michael et al. 7 , and Slagle and Gutman 8 , that
primarily acetyl radicals are generated by reaction with OH, or Cl atoms.
This study focuses on reaction mechanism of formyl methyl radical association with
02. Thermodynamic properties are estimated for reactants, intermediate, products and
transition states along the reaction pathway. The thermodynamic parameters are used
to calculate high-pressure limit rate constants using canonical Transition State
Theory. Rate constants as a function of temperature and pressure are estimated using
a multi frequency Quantum RRK analysis with modified strong collision analysis of
Gilbert et al. 12-14 for fall off. The data at relevant pressures and temperatures should
be useful to both atmospheric and combustion modelers.
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CHAPTER 3
CALCULATION METHOD FOR PART FOUR
3.1 Determination of Enthalpies of Formation
and products are calculated using CBS-Q composite method and density functionals.
The initial structure of each compound or transition state is determined using ROHF
or UHF/PM3 in MOPAC 15 , followed by optimization and vibrational frequency
calculation at HF/6-31G(d') level of theory using GAUSSIAN 94 16 . Transition State
(TS) geometries are identified by the existence of only one imaginary frequency,
structure information and the TST reaction coordinate vibration information. Zero-
point vibrational energies (ZPVE), vibrational frequencies and thermal contributions
to enthalpy from harmonic frequencies are scaled by 0.91844 as recommended by
Petersson et al.". Single point energy calculation are carried out at the B3LYP/6-
310(d'). The complete basis set (CBS-Q) method of Petersson and coworkers for
18-20
computing accurate energies ' 	are chosen as our primary for determining
enthalpies.
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intermediate radicals. For estimation of C(OOH)H2C(=O)H [ defined CQCHO,
Q=OOH (hydroperoxy group)
C(OOH)H2C(=O)H + CH3CH3
	 CH3 C(=O)H + CH3CH2OOH. 	  .(1)
The method of isodesmic reactions relies upon the similarity of bonding environment
in the reactants and products that leads to cancellation of systematic errors in the ab
initio MO calculations.21 The basic requirement of the isodesmic reaction is that the
number of bonds of each formal chemical bond type is conserved in the reaction. In
reaction (1), ab initio calculations with ZPVE and thermal correction are performed
been experimentally or theoretically calculated, the unknown AHf°298 of CQCHO is
obtained. The remaining two radicals are calculated in the same manner.
the stable radical adducts plus difference of total energies with ZPVE and thermal
correction between these radical species and the transition state (TS).
TCQjCHOS : A peroxy radical CQjCHO isomerize to form a CQCjO isomer via
hydrogen shift.
TCQjCHOE : A peroxy radical CQjCHO decompose to products, CH 2CO + HO 2 via
H02 elimination.
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TCXQCjO : A CQCjO isomer undergo β-scission to products, CH2CO + H02
TCQXCjO : A CQCjO isomer undergo β-scission to products, CO + CH2O + OH
3.2 Determination of Entropy and Heat Capacity
The contributions of external rotation and vibrations to entropies and heat capacities
are calculated from scaled vibration frequencies and moments of inertia for the
optimized HF/6-3 I G(d') structures. Contributions from frequencies corresponding to
hindered internal rotation are replaced with contributions calculated from the method
of Pitzer and Gwinn22 for S and Cp(T). Number of optical isomers and spin
degeneracy of unpaired electrons are also incorporated.
3.3 High -Pressure Limit A Factors (A∞ ) and Rate Constants (k∞ ) Determination
For the reactions where thermodynamic properties of TS are calculated by ab initio or
density functional methods, k ∞ s are fit by three parameters A ∞, n, and E a over
between reactant and TS are used to determine the pre-exponential factor, A, via
conventional transition state theory (TST) for unimolecular and bimolecular reactions
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3.4 Kinetic Analysis
Once the potential energy surface and thermochemical properties are evaluated,
forward or reverse rate for each, elementary reaction step are determined, Multi-
frequency Quantum Rice-Ramsperger-Kassel (QRRK) analysis is then used for k(E)
and modified strong collision analysis of Gilbert et. a1 12-14 used for fall-off; to obtain
rate constants as a function of temperature and pressure. Reactions which incur a
change in number of moles, such as unimolecular dissociation, have energy of
activation calculated as delta Urxn plus an Ea for the reverse addition, where U is
internal energy.
A modified QRRK analysis we use in this srudy is described by Zhong and
Bozzelli.23 It is shown to yield reasonable results and provides a framework by which
the effects of temperature and pressure can be evaluated in complex reaction systems.
The current version of the QRRK computer code utilizes a reduced set of vibration
frequencies which accurately reproduce the molecule (adduct) heat capacity data,
with inclusion of one external rotation to calculate density of states p(E).
Comparisons of ratios of these p(E)/Q (partition function Q) with direct count p(E)/Q
are shown to be in good agreement. 23 Nonlinear Arrhenius effects resulting from
changes in the thermodynamic properties of the respective TST's relative to the
adduct with temperature are incorporated using a two parameter Arrhenius pre-
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CHAPTER 4
RESULT AND DISCUSSION FOR PART FOUR
4.1 Geometries of Two Intermediate Radicals and Transition States
Figure 4.1 to 4.5 show MP2/6-31G(d') determined geometries of CQjCHO, CQCjO,
TCQjCHOS, TCQjCHOE and TCQXC jO respectively. [names are defined in section
3.1] Figure 4.1 and Figure 4.2 show the optimized geometries of two intermediate
radicals, CQjCHO and CQCjO, respectively. Figure 4.3 shows TCQj CHOS structure
for isomerization (H shift) reaction. The H4 atom is in a bridge structure shifting from
MP2/6-31G(d') determined geometry; where the H-C bond length in CQjCHO is
lengths are from MP2/6-31G(d') determined geometries. The normal bond length H-
elimination of CQjCHO --> CH 2CO + HO 2 . The leaving bond length of C2-H6 is
lengths are from MP2/6-31G(d') determined geometries.
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Geometry optimization at the MP2/6-31G(d') level of theory.
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Figure 4.1 Structure for CQjCHO
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Figure 4.2 Structure for CQCjO
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Figure 4.3 Structure for TCQjCHOS
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Figure 4.4 Structure , for TCQjCHOE
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Figure 4.5 Structure for TCQXCjO
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Figure 4.5 shows TCQXCjO structure, β-scission of CQCjO --> CO + CH2OOH. The
leaving bond length C1-C2 is calculated as 2.32A and the C-C bond length in CQCjO
4.2 Estimation of Entropy (S °(292)) and Heat Capacity (Cp(T)'s, 300 - 1500K)
inertia of the optimized HF/6-31G(d') structures. (Table 4.1 and Table 4.2)
The calculation results using MP2/6-31G(d') determined geometries and HF/6-
31G(d') determined frequencies are summarized in Table 4.3. TVR represents the
and Cp(T)'s. Symmetry, optical isomer and electronic spin are incorporated in
inertia of the rotors using the method of Pitzer and Gwinn's22 . (Table 4.4)
4.3 Estimation of Enthalpy of Formation ( ΔHf°298) using Total Energies and
Isodesmic Reactions
The overall energy diagram for the CjCHO + 02 reaction system is illustrated in
Figure 4.6.
CBSQ calculations are performed on the MP2/6-31G(d') determined geometries and
HF/6-31G(d') determined frequencies. Density functionals are performed on the
B3LYP/6-31G(d) determined geometries and frequencies.
Figure 4.6 Potential Energy Diagram CjCHO + O2
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Table 4.1 Vibrational Frequencies a
 (v cm-1) HF/6-31G(d') level of calculation
Table 4.2 Moments of Inertia (amu-Bohr 2 ) HF/6-31 G(d') level of calculation
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Table 4.3 Ideal Gas Phase Thermodynamic Properties Obtained
by CBSQ Calculation' and by Therm*
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Table 4.4 Moments of Inertia (amu-A2) and Rotational Barriers (kcal/mole)
for Internal Rotors
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Table 4.5 List of Total Energy, ZPVE, and Thermal Correction of CBSQ Calculationa
Isodesmic reactions are applied to accurately estimate ΔH f°298 of CQCHO and two
intermediate radicals, CQCjO and CQjCHO. Zero point Vibration energies (ZPVE's)
and thermal corrections to 298.15 K are taken into account, The total energies at 0 K
including scaled ZPVE's, nonscaled ZPVE's, thermal corrections to 298.15 K, and
total energies at 298 K including scaled ZPVE's are shown in Table 4,5 for CBSQ
calculations. Frequencies are scaled by 0.91844 for HF/6-31G(d') determined
frequencies as recommended by Petersson et al. 17
Table 4.6 Molecule Considered to Have Known ΔHf°298
for Use in Isodesmic Reactions.
The evaluated enthalpies of formation for the molecules considered to have known
-39.9[25] for CH3CH3, CH3C(=O)H, and CH 3 CH2OOH, respectively. A low or zero
calculations.
The CBSQ and density functionals determined enthalpy of reaction (1) is —2.98 and
—3.16 kcal/mole, respectively. f. I' 	 is evaluated from
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The enthalpy of formation of CCOQ obtained is –56.61 and –56.43 kcal/mole in
CBSQ and density functionals calculations, respectively.
The enthalpy of formation of two intermediate radicals, CQCjO and CQjCHO by
CBSQ and density functionals are obtained from use of isodesmic reactions (2) and
(3) and bond dissociation energy of C2H5—H(101.6 kcal/mole) and CH3OO—H(86.3
kcal/mole) The data results in enthalpy values are –21.81 and –20.22 for CQCjO,
-21.01 and –21.09 for CQjCHO, in CBSQ and density functionals calculations,
respectively.
Formation of CQjCHO adduct has a well depth of 24.13 kcal/mole.
The activation energy for isomerization, TCQjCHOS, is estimated from both the
reactant CQjCHO and the product CQCjO. The averaged result is 19.39 and 17.66
kcal/mole in CBSQ and density functionals, respectively. The activation energy for
direct H02 elimination, TCQjCHOE, is estimated by taking the difference of total
energy with ZPVE and thermal correction between transition state(TS) and peroxy
reactant, resulting in 27.19 and 15.21 kcal/mole in CBSQ and density functionals,
respectively. The activation energy for H02 elimination from the hydroperoxide
isomer, TCXQCjO, is estimated by taking the difference of total energy with ZPVE
and thermal correction between transition state(TS) and reactant, resulting in 24.32
kcal/mole via CBSQ. The activation energy for β-scission to CO + CH2OOH,
TCQXCjO, is estimated by taking the difference of total energy with ZPVE and
thermal correction between transition state(TS) and hydroperoxide isomer, resulting
in 9.57 and 9.42 kcal/mole in CBSQ and density functionals, respectively.
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4.4 QRRK. Calculation Results
QRRK calculations for k(E) and modified strong collision analysis of Gilbert et. a1 12"
14 for fall-off are performed on the CjCHO + 02 reaction to obtain rate constants as a
function of temperature and pressure and results are listed in Table 4.7. AE down of
400 cal/mole is used for bath gas N2.
Plots of rate constants at l atm pressure versus 1000/T are illustrated in Figure 4.7.
Stabilization (CQjCHO), reverse dissociation, and CO + CH2O + OH products via H
shift are important at lower temperatures, 1 atm pressure, with reverse dissociation,
CO + CH2O + OH products via H shift and ketene + H02 products via H shift
important at higher temperatures.
Plots of rate constants at 298 K versus pressure are illustrated in Figure 4.8.
The figure illustrates that stabilization is the dominant path at high pressures, while
stabilization (CQjCHO), reverse dissociation, and CO + CH2O + OH products via H
shift are important at low pressures.
Plots of rate constants at 1000 K versus pressure are illustrated in Figure 4.9.
The figure illustrates that stabilization decreases as pressure is decreased. Reverse
dissociation and CO + CH2O + OH products via H shift are most important at both
high and low pressures.
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Table 4.7 Input Parameters' and High-Pressure Limit Rate Constants
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Figure 4.7 k vs. Temperature at 1atm CjCHO +O 2
Figure 4.8 k vs. Pressure at 298K CjCHO + O2
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Fifure 4.9 k vs. Pressure at 1000K CjCHO +O 2
CHAPTER 5
SUMMARY FOR PART FOUR
Thermodynamic properties of stable radicals and transition states on CjCHO + O2
reaction system are calculated using density functional and ab initio methods.
and density functional calculations with isodesmic reactions. Entropies (S° 29 8) and
heat capacities (Cp(T) 300 —1500 K) are determined using geometric parameters and
vibrational frequencies obtained at the HF/6-31G(d') level of theory.
Reaction pathways and kinetics are analyzed on CjCHO + O 2 reaction system using
QRRK. for k(E) and modified strong collision analysis of Gilbert et. a1 1244 for fall-off.
Major reaction paths at l atm pressure are stabilization of CQjCHO peroxy adduct at
low temperature and CO + CH2O + OH products via H shift and ketene + H02
products via H shift at high temperature.
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APPENDIX 4.1
THERMODYNAMIC ANALYSIS FOR gam + 02 REACTION
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APPENDIX 4.2
KINETIC ANALYSIS FOR CJCHO + O 2 REACTION
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APPENDIX 4.3
KINETIC DATA FOR CjCHO + 02 REACTIONS ARRHENIUS FORM
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Chemical Activation CjCHO + 02
Dissociation
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APPENDIX 4.4
LOG RATE CONSTANTS VS PRESSURE AND TEMPERATURE
FOR CjCHO + O2 REACTION
191
Chemical Activation Reaction ( CjCHO + O 2 ) Rate Constants log rate constants vs Temperature at specified Pressures
193
Chemical Activation Reaction ( CjCHO + 0 2 ) Rate Constants : log rate constants vs Pressure at specified Temperatures
'4)
Adduct (CQjCHO) Dissociation Reaction Rate Constants : log rate constants vs Temperature at specified Pressures
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Adduct (CQjCHO) Dissociation Reaction Rate Constants log rate constants vs Pressure at specified Temperatures
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Adduct (CQCjO) Dissociation Reaction Rate Constants : log rate constants vs Temperature at specified Pressures
201
Adduct (CQCjO) Dissociation Reaction Rate Constants : log rate constants vs Pressure at specified Temperatures
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